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The yeast ubiquitin ligase Npil/Rsp5 and its mam- 
malian homologue Nedd4 are involved in ubiquitina- 
tion of various cell surface proteins, these being sub- 
sequently internalized by endocytosis and degraded 
in the vacuole/lysosome. Both enzymes consist of an 
N terminal C 2 domain, three to four successive WW(P) 
domains, and a C-terminal catalytic domain (HECT) 
containing a highly conserved cysteine residue in- 
volved in ubiquitin thioester formation. In this study, 
we show that the conserved cysteine of the HECT do- 
main is required for yeast cell viability and for ubiq- 
uitination and subsequent endocytosis of the Gapl 
permease. In contrast, the C 2 domain of Npil/Rsp5 is 
not essential to cell viability. Its deletion impairs in- 
ternalization of Gapl, without detectably affecting 
ubiquitination of the permease. This suggests that 
Npil/Rsp5 participates, via its C2 domain, in endocy- 
tosis Of Ubiquitinated permeases. * 1999 Academic Press 



Internalization of plasma membrane proteins by en 
docytosis, followed by degradation in the lysosome, is a 
critical pathway for adaptation of eukaryotic cells to 
environmental changes. In Saccharomyces cerevisiae. 
for instance, endocytosis of the receptor of mating 
pheromone a (Ste2p) is constitutive, and enhanced 
several-fold upon binding of the receptor's ligand [1]. In 
veast, accelerated interncilization followed by vacuolar 
degradation is also a major mechanism for controlling 
the activity of several plasma membrane transporters 
in response to stress or nutritional changes [2; 3; 4; 5|. 
A critical step in endocytosis of many of these plasma 
membrane proteins is their prior conjugation to ubiq- 
uitin (reviewed in [6]). Studies on a truncated form of 
Ste2p have shown that binding of a single ubiquitin 
molecule promotes efficient receptor internalization 
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[7]. In contrast, formation of lysine-63-linked poly- 
ubiquitin chains is required for maximal rate internal 
ization of both the uracil permease (Fur4) [8] and the 
general amino-acid permease (Gapl) [26]. The ubiq- 
uitination of Fur4 [9], Gapl [3), the maltose permease 
(Mal61) [10J and probably many other plasma mem- 
brane proteins is defective in npil mutant cells. This 
mutant displays severely reduced synthesis of Npil/ 
Rsp5 [1 1; 3], a ubiquitin-protein ligase [12J essential to 
cell viability [11 J. The S cerevisiae ubiquitin ligase 
Npil/Rsp5 is homologous to Nedd4 of mammalian 
cells. Rat Nedd4 interacts with the epithelial Na' 
channel (ENaC). a multisubunit complex. The channel 
is ubiquitinated in vivo, this causing the number of 
channels in the plasma membrane to decrease [13; 14]. 
The Npil and Nedd4 ubiquitin hgases consist of an 
N-terminal C, domain (a widespread protein module 
interacting with diverse molecules including Ca ' \ 
phospholipids, proteins, and inositol polyphosphates 
1 15J), followed by three to four WW(P) domains (a pro- 
tein motif binding to proline-rich sequences [16)), then 
a C-terminal catalytic domain (HECT) shared by many 
other ubiquitin ligcises lacking the C 2 and WW(P) mo 
tifs (Fig. 1) [11; 12]. 

The central role of ubiquitin in down-regulation of 
many cell surface proteins has led to the general view 
that ubiquitin serves as a signal for endocytosis [6|. It 
might, for instance, be recognized by components of the 
endocytosis machinery, as yet unidentified. Recent 
data suggest that some proteins of the ubiquitin and 
endocytosis pathways may be associated in a complex 
genetic and two hybrid interactions have been re- 
ported between the Npil/Rsp5 ubiquitin ligase and 
Paul, the yeast homologue of mammalian Epsl5 [17] 
The Paul protein is required for endocytosis [18] and 
interacts through distinct protein-binding domains 
with several proteins including End3p, an act in 
regulating protein also required for endocytosis [19]; 
y/\P180A, a yeast homologue of a class of clathrin 
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assembly proteins (API 80) 118]. Sjllp, an inositol 
polyphosphate 5 -phosphatase 1 related to synaptojanin 
[27). It has been proposed that Paul, through its inter- 
action with these multiple factors, coordinates several 
activities, including ubiquitination, to ensure orderly 
and efficient endocytosis [18). 

In this study we have investigated the role of the 
different domains of Npil in Nil i -triggered down 
regulation of the Gap I permease. We show that a trun- 
cated Npil protein lacking the C, domain can still 
promote ubiquitination but not subsequent endocytosis 
of Gapl. This is consistent with direct participation of 
Npil, via the C, domain, in endocytosis of ubiquiti- 
naied permease 

MATERIALS AND METHODS 



The S. cere\ isiac strains used in this study, all isogenic with 
^ 1278b ext ept for the 1 mutations mentioned, are I'3346c (MATzi. 
um3)\ 27038a (MA In. un\3. npil): 27039 (MA Tit/MATa. ura3/umi<. 
IcuJ-'lvu? NPlFnpill- LEU..). Media, cell cultures, and [ ,4 C]citrul- 
hne uptake assavs are described in [3|. Crude; and membrane- 
en r iched yeast i ell extracts were prepared and Western immunoblot- 
ting was performed as described in [31. All npil mutations were 
introduced into NPIl by site-directed mutagenesis by means of the 
Altered Site in vitro Mutagenesis System (Promega). To this end, a 
l).f>-kb /:.a.»RI-5*id fragment containing the NPIl gene was isolated 
from plasmid YCpJYS-1 II 11 and inserted into the pALTER phage- 
mid. Subsequent steps were performed as recommended by the man- 
ufacturer, using the following 5' phosphorvlated oligonucleotides: 
Npi 1 AC2, 5'AAAATCCCTTCATCCATATCCCTCAACTTAACTGC- 
TACATCGAGTGCTAGACCTCGCGAA-3'; Npi 1 AWWP. 5'-AGACAA- 
TACTCTTCGTTTGAAGACCAGTATCCATCATCGCTAGACCAAA- 
ATGTTCC ACAA-3': Npi 1 AC\s. 5'-TCTCACACATCTTTTAACAGA- 
X , The mutagenized fragments were completely sequenced and the 
FaoKX-ShiI fragments bearing the correct mutations were intro- 
duced into the centromere-based plasmid pFL38 to yield plasmids 
YCp/?p//ACZ YCpnpi l^WWP, and YCp/?p/7ACV.s\ or into the 2 /xm- 
based plasmid to yield plasmids YEpnpil±C2, YEpnpilWVWP. and 
Y Hp A ( 2 vs. 



RESULTS AND DISCUSSION 

The Npil/Rsp5 ubiquitin ligase is essential to cell 
viability, although why npil\ mutants are not viable 
remains unknown [11]. To investigate the role of the 
various domains of the protein in its essential in vivo 
function and in NH.^ -induced down-regulation of the 
Gapl permease, we constructed by site-directed mu- 
tagenesis three mutant proteins, represented schemat- 
ically in Fig. 1A: Npil AC,, lacks the N terminal C, 
domain. Npil AWWP lacks a region spanning the three 
WW(P) domains, and in NpilACys the invariant cys- 
teine of the HECT domain has been replaced with a 
serine. We tested the stability of these mutant proteins 
by Western blot immunodetection, using antibodies 
against mNedd4 [20], the mouse homologue of Npil 
(Fig. IB). In wild-type cells these antibodies recognized 
two polypeptides, one at - 80 kDa and one at —90 kDa 
(lane 1), We have previously shown that the 90-kDa 
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FIG. 1. (A) Sihi'inatic representation of the S. ccrcvisinc Npi 1/ 
Rsp5 ubiquitin ligasr and its homologues in man (h-Neddl ), rat 
(r-Nedd4), mouse (m-Neddl), and the yeast S. Pombc (Publ). The 
inutant Npil pnnnns generated by site directed mutagenesis are 
also shown: Npi 1 AC J (deletion of amino acids 11-101). Npil AWWP 
(deletion of amino at ids 229-4201, and NpilACys (replacement of 
cysteine 777 with a serine), Deleted regions are indicated by joined 
oblique lines, (B) immunodection of wild-type and mutant Npil 
proteins in crude veast-cell extracts Crude extracts were prepared 
from proline-gtmv n cells, resolved by SDS-Page, blotted onto a nitro- 
cellulose membr.me. and probed with polyclonal antibodies against 
mNedd4. The strains used were 23346c (wild type) (lane 1) and 
27038a (npi J) transformed with plasmid pFL44S without insert 
(lane 2) or bearing the NPIl (lane 3). npillCZ (lane 4), npilWVWP 
(lane 5), or npi Hi is (lane G) gene. 



polypeptide is the ubiquitin ligase Npil since the in 
tensity of tin* corresponding band decreased at least 
10-fold in viable npil cells (displaying severely reduced 
expression of the .VP/7 gene due to upstream insertion 
of a Ty element) (lane 2) and is restored to normal upon 
transformation of npil cells with a plasmid bearing the 
wild-type AY V / gene (lane 3) [3; 11]. Cells of the npil 
mutant were also transformed with plasmids bearing 
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the npillCys. npil\C>. and npi HWWP genes. In 
uf)iIACvs transformants, the 90-kDa signal was nor- 
mal, indicating that NpilACys is a stable protein (lane 
6). The partially deleted Npil AC protein appeared as 
a third band of the size (84-kDa) expected for an Npil 
lacking its C domain (lane 4). Finally, no additional 
band was detected in npi II WWP transformants (lane 
5), indicating that NpilAWWP is either unstable or 
undetectable under our experimental conditions. 

To assess the contribution of the C z domain and 
HECT-domain cysteine residue to the essential in vivo 
function of Npil, a diploid strain with heterozygous 
deletion of NPI I gene was transformed with either the 
wild -type NPI1 gene or the mutant genes npillCys 
and npHXC As expected, four viable spores were ob 
tained after sporulation of diploid cells transformed 
with NPIL Only two viable spores were obtained from 
tetrads derived from npillCys transformed cells; four 
were obtained from tetrads derived from npilXCZ 
transformed cells. These results indicate that the cys- 
teine residue within the HECT domain, but not the 
N-terminal C 2 domain, is required for the essential m 
vivo function of Npil. During the preparation of this 
manuscript, Wang et al. [28] reported similar results 
For an unknown reason, the viable npil mutant grows 
very slowly on minimal medium containing L- serine as 
the sole nitrogen source. The mutant npi IXC ^ gene 
could restore normal growth on this medium, while the 
npillCys gene could not (data not shown). It is known 
that the invariant cysteine of the HECT domain binds 
ubiquitin, and that the resulting ubiquitin-thioester is 
an obligatory intermediate in Npil/Rsp5-catalyzed 
ubiquitination [12]. Hence, both the non-viability of 
npi 11 mutants and the slow growth on serine of viable 
npil mutants are most likely due to loss of Npil- 
associated ubiquitin ligase activity. In contrast, since 
the C domain is required neither for cell viability nor 
for growth on serine, its function must be non-essential 
and either unrelated to ubiquitination or required for 
ubiquitination of only some Npil substrates. 

We next compared the ability of Npil, NpilACys, 
and Npil AC 2 to mediate NH.; -induced ubiquitination 
and subsequent down-regulation of the Gapl per- 
mease. In these experiments, npil cells transformed 
with a low-copy-number plasmid bearing NPIL 
npillCys. or npi IXC ' y were grown on minimal proline 
medium, then NH.,' was added to each culture (defining 
time zero). At intervals, Gapl activity was measured 
(Fig. 2 A) and the stability (Fig. 2B) and ubiquitination 
state (Fig. 2C) of pre synthesized Gapl were assessed 
by immunoblotting of crude and membrane-enriched 
cell extracts respectively, using polyclonal anti-Gap 1 
antibodies. To detect ubiquitinated Gapl forms, it was 
necessary to overexpose immunoblots of membrane- 
enriched preparations [3]. The Gapl signal detected in 
proline-grown npil cells transformed with the NPIL 
bearing plasmid consists of a doublet around GO kDa 



and of minor bands of higher molecular weight (Fig. 
2C) Previous work has shown that these minor upper 
bands correspond to ubiquitin conjugated forms of the 
permease [3]. After addition of NH;, the amount of 
ubiquitin-conjugated Gapl was found to increase (Fig. 
2C). both Gapl activity and the Gapl immunodetection 
signal decreased rapidly (Fig. 2A, B), reflecting inter- 
nalization and subsequent vacuolar degradation of the 
permease. In contrast, no minor upper bands appeared 
in the Gapl signal detected in npil cells (Fig. 2C), and 
after NH, T addition, both Gapl activity and the Gapl 
signal remained stable (Fig. 2 A, B). Transforming npil 
cells with the /jp/7ACys-bearing plasmid did not alter 
this phenotype (Fig. 2), indicating that the invariant 
cysteine within the HECT domain is required for in 
vivo ubiquitination and subsequent down-regulation of 
the Gapl permease. A different phenotype was ob- 
served with npil cells transformed with the npillC V 
bearing plasmid: although Gapl again remained active 
(i.e.. located in the plasma membrane) and strongly 
protected against degradation after NH j addition (Fig. 
2A, B), the minor bands indicative of Gapl ubiquitina- 
tion did clearly appear, in addition to the main Gapl 
signal (Fig. 2C). The ubiquitinated forms were already 
visible in proline-grown cells, increasing in intensity 
upon addition of NH, . The low level of full-length Npil 
enzyme present npil cells (Fig. IB) cannot explain 
the appearance of these bands, since expression of 
NpilAC 2 in npil A cells produced the same pattern of 
Gapl ubiquitination (data not shown). Deletion of the 
Npil C domain thus renders Gapl resistant to NH.I- 
induced down-regulation, without preventing ubiquiti- 
nation of the permease. We tested the possibilty that 
Npil AC 2 enzyme might ubiquitin ate Gapl less effec 
lively than Npil, the difference being hardly detectable 
in immunoblot experiments though sufficient to pro- 
tect Gapl against NH.,' -induced down-regulation (Fig. 
2C). We transformed npil cells with a multiple-copy- 
number plasmid bearing the NP11 or npi 11C> gene and 
compared Gapl sensitivity to NH 4 f regulation in these 
transformants (Fig. 3). Gapl signals were quantitated 
on immunoblots after different exposures. Before and 
five minutes after NH 4 + addition, the proportion of ubi- 
quitinated Gapl forms did not differ significantly be- 
tween Npil- and npil AC-overexpressing cells (Fig. 
3C). After NH.,' addition, Gapl was clearly down- 
regulated in the former but remained active and pro- 
tected against degradation in the latter (Fig. 3A, B). 
These results indicate that Npil AC, is competent for 
ubiquitination but not for subsequent down -regulation 
of Gapl. Interestingly, addition of NH.; to cells overex- 
pressing Npil AC did not lead to complete conversion 
of Gapl to ubiquitinated forms. Rather, the relative 
amount of these forms remained limited and constant 
until one hour after NH,' addition (Fig 3C). A similar 
behavior has been described for the act in mutant 
{act LI) defective in endocytosis and for the gnpl !S! 
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FIG. 2. Ubiquitination and down-regulation of Capl permease in cells expressing wild-type and mutant forms of the Npil ubiquitin 
ligase. (A) Cells were grown on minimal proline medium and Capl activity was measured by incorporation of [ ; "Cjciti ulline (0.02 mM) before 
addition of 10 mM (NH^SO^ (t :) ) and at intervals thereafter. Strains 270 >.Sa {npil) transformed with the low-copv-number plasmid pFL38 
without insert (LJ) or bearing the wild-type A7V7 (■) or mutant upiJli J (•) or npillCys {■'..") gene. Capl activities were calculated in 
nanomoles per minute per milliliter to avoid a dilution cilect due to NH, induced arrest of Capl synthesis. (B) Immunoblot of Capl from 
crude ext racts prepared from the above cited strains before (NHJ^SCh addition (t ..,) and at intervals thereafter. (C) Immunoblot of Capl from 
membrane-enriched extracts prepared from the above uted strains before (\H 4 ).S(.) 4 addition (t :1 ) and at intervals thereafter. The npil alleles 
used to transfbnne the npil mutant are indicated. 



mutant, where Gapl is resistant to NHi -triggered 
down-regulation but still binds ubiquitin [3] On the 
basis of such observations, it has been proposed that 
complete conversion of Gapl to ubiquitinated forms 



occurs only if Gapl is progressively removed from the 
plasma membrane by endocytosis |3]. 

In conclusion, we show that substitution of the in- 
variant HECT-domain cysteine of the Npil ubiquitin 
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FIG. 3. Ubiquit.inat.ion and down-regulation of Cap! permease in cells over expressing the wild-type NPIl or mutant npi gcuc. (A) 
The activity of Gapl was measured as described in the legend of Fig. 2. Strains: 27038a inpil) transformed with the high-copy-number 
plasmid pFL44S bearing the wild-type NPIl (■} or mutant />p//ACJ(#) gene. (B) Immunoblot of Gapl from crude extracts prepared from 
the above cited strains before (NH.,) i! S0 4 addition (t„) and at intervals thereafter (C) Immunoblot of Cap 1 from membrane-enriched extracts 
prepared from the above cited strains before (NH 4 ) a S0 4 addition (t 0 ) and at intervals thereafter. The /;/;/'/ alleles used to transform the /;/;// 
mutant are indicated. 



ligase, a residue involved in transient binding of ubiq- 
uitin before transfer to the target protein [12|. impairs 
ubiquitination and NH^ -induced down-regtilation of 
the Gapl permease. We thus provide the first demon- 
stration that this invariant cysteine is required for in 
vivo ubiquitination of a natural target protein, We also 
show that Npil/Rsp5 ubiquitin ligase lacking its 
N i -terminal C 2 domain is competent for Gapl ubiquiti- 
nation but not for Gapl down regulation. We cannot 
rule out a quantitative or qualitative defect in Gapl 
ubiquitination in npillC ■ cells, but this seems un- 
likely, since the Gapl ubiquitination profiles obtained 
in immunoblot experiments were similar for NP1 1 - and 
n/)il±(\, expressing cells. Furthermore, multiple cop- 
ies of the NPI1AC- gene failed to restore sensitivity of 
Gapl to Nil,' regulation. Our data argue, rather, for 
participation of Npil/Rsp5 via its C 2 domain in endo- 
cytosis of ubiquitinated permease. Although a com- 
plete lack of Npil/Rsp5 or replacement of its HECT- 



domain cysteine is incompatible with yeast cell 
viability, npilS cells expressing NpilAG^ arc viable. 
This is consistent with a specific role of the C 2 domain 
of Npil/Rsp5 in endocytosis, an unessential function in 
yeast. Further experiments will be needed to deter- 
mine the exact role of this domain in down- regulation 
of Gapl. The C 2 domain has been found in numerous 
proteins and shown in several of them to mediate in- 
teraction with membrane phospholipids, proteins, or 
inositol polyphosphates. Most C, domains also bind 
Ca * \ which either stimulates or modulates the speci- 
ficity of binding to substrates [15]. For instance, an 
increase in cytosolic Ga 1 in polarized MDCK epithe 
lial cells causes the mouse Npil/Rsp5 homologue 
Nedd4 to associate with apical and lateral membranes, 
this requiring the protein's N-terminal C, domain [21]. 
Our results showing that the Gapl permease is still 
ubiquitinated in cells expressing XpilAG > suggest cor- 
rect targeting of the ubiquitin ligase. Perhaps the C, 
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domain mediates targeting of Npil to regions of the 
plasma membrane that actively endocytose, or to some 
other specific membrane compartment. For instance, 
sorting of internalized Gapl to the vacuole might re- 
quire several Npi 1 -catalyzed ubiquitination steps in 
successive endosomal compartments, and a lack of 
Xpil/Rsp5 in one of these compartments could lead to 
Gapl recycling to the plasma membrane. Ubiquitina- 
tion of internalized protein for sorting to the lysosome 
rather than recycling to the plasma membrane has 
indeed recently been demonstrated in the case of a 
growth hormone receptor [22]. Alternatively, perhaps 
the C, domain of Npil/Rsp5 mediates interaction with 
another protein, this interaction being essential to en- 
docytosis. In keeping with this hypothesis, it is note- 
worthy that the two C,. domains of synaptotagmin 1 
interact respectively with clathrin AP-2 [23] and syn- 
taxin [24] . Furthermore, recent evidence suggests that 
Npil/Rsp5 is a component of the Panl complex pro- 
posed to coordinate several pathways (ubiquitin, actin, 
clathrin) implicated in endocytosis in yeast and mam- 
malian cells 1 18]. Further experiments will be needed 
to determine the precise role(s) of Npil/Rsp5 in the 
endocytotic system in yeast and mammalian cells. 
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